ABSTRACT We showed previously that Met deficiency at 0.25% of the diet causes elevations in plasma triiodothyronine (T 3 ) in broilers. In the present study, plasma levels of thyroid hormones as well as insulin-like growth factors (IGF)-I and -II were measured in chicks fed 3 deficient levels of total Met. Control (0.5%) and Met-deficient diets (0.4, 0.3, and 0.2%) were fed to male broilers from 8 to 22 d of age. Additional groups of control chicks were pair-fed with the Met-deficient ones. Chicks receiving 0.4% Met increased feed intake by 10% with no significant change in body weight. The more severe Met deficiencies of 0.3 and 0.2% caused graded reductions in feed intake and weight gain. However, corresponding pair-fed control chicks were significantly heavier. These changes suggest more marked alterations in metabolic processes with 0.3 and 0.2% Met than with 0.4% Met. Liver weights were
INTRODUCTION
In regions where soybeans are the primary proteinaceous component of poultry rations, Met is the first limiting essential amino acid (EAA). Its need in poultry rations for growth has been studied extensively (Wicker, 1990; NRC, 1994) , although there is considerable disagreement as to factors that influence its dietary requirement (NRC, 1994) . Many aspects of a Met deficiency on avian metabolism have been studied such as its interaction with choline, betaine, folic acid, and vitamin B 12 as well as effects on the immune system. More extensive studies in mammalian species have been reviewed (Finkelstein, 1990 ).
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heavier in chicks fed 0.3 and 0.2% Met but not 0.4%. Plasma T 3 was higher in all deficient chicks compared with the free-fed control, which was significant only with 0.3% Met. However, with 0.3 and 0.2% Met, plasma T 3 was significantly elevated compared to pair-fed controls. Plasma thyroxine (T 4 ) was lower in all deficient groups, which was significant only with 0.2% Met, whereas no significant differences occurred between deficient chicks and their pair-fed controls. Plasma IGF-I levels were not significantly different, but they were consistently lower in deficient chicks and deserve further study. Plasma IGF-II was significantly less in chicks fed 0.2% Met compared to pair-fed controls suggesting that Met deficiency interferes with IGF-II metabolism. We concluded that a deficit of dietary Met altered plasma T 3 and IGF-II levels, but the effect was dependent on the degree of deficiency.
(T 3 ) were elevated in 3-wk-old broilers given 50% of the Met requirement (0.25% of diet) compared with pairfed controls given equal amounts of feed. Thyroxine (T 4 ) was not significantly changed. This experimental design took into account the depressive effects of the Met deficiency on feed intake. Deficiencies of Arg, Lys, and Ile but not other EAA showed similar effects. Therefore, earlier results showing that T 3 is elevated in proteindeficient chicks (Alster and Carew, 1984; Keagy et al., 1987) could not be explained by a common effect of individual EAA deficiencies on thyroid hormone metabolism.
Insulin-like growth factors (IGF) have not been studied in Met-deficient chickens. Calorie and protein deficiencies, however, do have an effect on these hormones, albeit differential. Chickens consuming a low protein diet exhibit depressed plasma IGF-I levels, which return to normal on restoration of dietary protein (Lauterio Abbreviation Key: EAA = essential amino acid; IGF = insulin-like growth factor; IGFBP = insulin-like growth factor binding protein; T 3 = triiodothyronine; T 4 = thyroxine. Rosebrough et al., 1989; Rosebrough and McMurtry, 1993) . Feeding low protein diets, however, does not alter tissue IGF-I mRNA activity (Kita et al., 1996) . During short-term fasting, serum or plasma levels of IGF-I are depressed and remain low on refeeding (Kim et al., 1991; Beccavin et al., 2001) or return totally to normal (Kita et al., 1996) . In addition, IGF-I mRNA is depressed during fasting (Beccavin et al., 2001) . IGF-II has been reported to decrease (Beccavin et al., 2001) or increase (McMurtry, 1998) during feed withdrawal but is restored to normal on refeeding. IGF-I seems to be more sensitive to dietary restriction than IGF-II, and dietary manipulation can variably affect the various IGF binding proteins (IGFBP) (Leili and Scanes, 1998; Beccavin et al., 1999; Caperna et al., 1999; Kita et al., 2002) .
In early work with rats (Bolze et al., 1985) , Met deficiency was shown to reduce serum somatomedin (measured using the embryonic chick pelvic rudiment method). More recently, protein deficiency (see reviews by Thissen et al., 1994; Ketelslegers et al., 1995) and Met deficiency have been shown to depress plasma IGF-I levels in rats but to have no effect on hepatic IGFBP-1 mRNA content or plasma levels of IGFBP-1 (Ammann et al., 2000; Takenaka et al., 2000) .
In our earlier work only the effect of severe Met deficiency (0.25% of the diet) on thyroid function in growing chicks was measured. Therefore, the purpose of the present experiment was to determine the effect of borderline and marked Met deficiencies on thyroid function and to include IGF hormones as added parameters.
MATERIALS AND METHODS

Bird Management
One-day-old male broiler chicks 2 (175) were housed in electrically heated, starter battery brooders with raised wire floors and internal lighting. Birds were fed a control diet complete in all nutrients including EAA (Table 1) . At 8 d of age the chicks were sorted into groups with weight ranges of 3 to 5 g. They were then evenly distributed into 21 pens of 7 chicks each (147 total chicks). High and low weight extremes were eliminated. Triplicate groups of chicks were used per treatment. Initial pen weights at 8 d were similar for all 21 pens (188 ± 1 g). The treatments were a control (0.5% total Met) and 3 deficient levels of total Met (0.4, 0.3, and 0.2%).
Groups of control chicks were pair-fed with deficient chicks by matching a pen of chicks fed the control diet with one of the deficient pens. Control feed was provided once daily to the pair-fed group at 0800 h, which was the same amount as eaten by the Met-deficient chicks the previous day. This method was followed to account for the effect of differences in feed intake be- tween the control group given free access and the deficient groups. Brooder temperatures were wk 1, 35°C; wk 2, 32°C; and wk 3, 29°C. Room temperature was maintained between 23 and 26°C. Water was given freely and a cycle of 16L:8D was used. The experimental period lasted 2 wk, from 8 to 22 d of age.
Diets and Experimental Design
The nutritionally complete control diet used during the 14-d experiment consisted of a 50:50 mixture of a broiler starter diet (Table 1 ) and a purified amino acid diet (Table 2 ) slightly modified from Scott et al. (1982) . It contained 24% protein and the NRC (1994) recommended level of 0.5% total Met. Methionine-deficient diets (0.4, 0.3, and 0.2% total Met) were formulated by deleting appropriate amounts of Met from the purified portion of the mixed diet and replacing it with sucrose. This type of diet was advantageous, as it would allow for the study of other amino acid deficiencies using the same control diet.
Blood Samples, Hormone Assays, and Statistics
At 22 d, blood was drawn from each chick by side heart puncture between 1000 and 1300 h and placed into heparinized tubes. The tubes were centrifuged at 1,800 × g for 15 min to obtain plasma, which was frozen for later analysis. Plasma total T 3 and T 4 levels were analyzed by RIA, 3 which had been validated as described previously (Carew et al., 1997) . Specificity of the assays for T 3 and T 4 had been established by the supplier. Intraand interassay CV were 6.04 and 9.71% for T 3 and 13.29 and 7.80% for T 4 , respectively. IGF-I and -II were analyzed by homologous RIA (McMurtry et al., 1994 (McMurtry et al., , 1997 . Intra-and interassay CV were 2.39 and 4.67% for IGF-I and 3.02 and 4.89% for IGF-II, respectively.
Data were analyzed using the general linear models ANOVA with P ≤ 0.05 considered significant (SAS, 1990) . Means were compared with Duncan's multiple range test (Duncan, 1955) .
RESULTS AND DISCUSSION
When total dietary Met was fed at levels below the NRC (1994) recommendation of 0.5% (0.4, 0.3, and 0.2%), a significant decrease in feed intake was observed only with 0.3 and 0.2% Met, and the latter was the most severe (Table 3) . To the contrary with the mild deficiency of 0.4%, there was a significant increase in feed intake compared with the free-fed control. Weight gain was not affected until the Met level reached 0.3% or less ( Table   TABLE 3 Means within a column lacking a common superscript are significantly different (P < 0.05).
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The experimental period was 8 to 22 d of age. Feed and weight gain data represent triplicate groups of 7 chicks each. Liver data represent 12 observations per treatment.
3). The exact requirement for Met in relation to that set by the NRC (1994) at 0.5% is open to considerable question. As discussed in the NRC (1994) report, of the studies done on Met requirements of broilers 0 to 21 d of age, 2 research groups found it to be higher, 4 found it to be about the same, and 2 found it to be lower. Our results during the 8-to 22-d period suggest that 0.4% dietary Met is sufficient for optimum growth. However, we interpret the small but significant increase in feed intake by chicks fed 0.4% Met as an indication that this level is still deficient, and chicks compensate for the deficiency by overeating. Therefore, our observations suggest that for the 8-to 22-d period with the diet used, a dietary level greater than 0.4% Met is needed and approaches the listed NRC requirement of 0.5% Met for chicks 0 to 3 wk of age.
An increase in food intake in the absence of a change in weight gain by chicks fed a borderline deficiency of Met confirms earlier results (Carew and Hill, 1961; Sekiz et al., 1975) . Then and now, this finding is interpreted to mean that chicks marginally deficient in Met overeat slightly to consume the adequate amounts of Met needed. This increased feed intake does not cause an increase in weight gain because the added caloric intake is converted to body fat, which replaces body water (Carew and Hill, 1961) . Thus, with a borderline Met deficiency of 0.4%, feed intake is increased, but body protein synthesis is decreased, and the surplus calories are shunted into fat synthesis. These changes are not a consequence of alterations in energy utilization due to changes in metabolizable energy value of the diet (i.e., absorbability) or in the efficiency of energy processing (Carew and Hill, 1961) . A similar situation exists when there is a marginal protein deficiency in growing broilers (Keagy et al., 1987) .
Comparisons of growth data between chicks more deficient in Met (0.3 and 0.2%) and their matched, pairfed controls ( Table 3 ) strongly suggest that marked changes in metabolism had occurred. At these 2 dietary levels of Met, matched chicks pair-fed the control diet gained much more weight than the deficient chicks. This could be a result of further increases in fat synthesis at the expense of body protein synthesis in the deficient chicks, as we have suggested with 0.4% Met, and which is supported by our earlier work. However, increases in catabolism and heat loss cannot be excluded. Sekiz et al. (1975) observed increased heat production in chicks fed a severely deficient level of 0.25% Met but not at 0.32%.
The overall result of these changes in feed intake and weight gain was that the ratio of weight gain to feed intake decreased significantly only with 0.3 and 0.2% Met (Table 3) , and it was significantly worse with 0.2% Met.
Changes in liver weight are often an index of various nutrient deficiencies, including protein. We found that average liver weight was not altered at the dietary level of 0.4% Met but decreased with 0.3 and 0.2% Met, very markedly in the latter case (Table 3) . However, when expressed in relation to BW (relative weight), liver weights were not changed at 0.4% Met but increased with the more severe deficiencies. There was no significant difference between 0.3 and 0.2% Met.
On the other hand, chicks fed the control diet but given the same amount of feed as the deficient chicks (i.e., pair-fed) showed no change from the free-fed controls (0.3% Met) or actually showed a decrease in liver weight relative to BW. This finding means that reduced feed intake actually causes no change or causes a reduction in relative liver weights, whereas Met deficiency causes an enlargement. This result demonstrates that Met deficiency has a specific effect on relative liver growth apart from any effect that can be attributed to the depressive effect of Met deficiency on feed intake.
A deficiency of a balanced mixture of EAA produces the same effect and can be attributed, in part, to an accumulation of liver fat (Velu et al., 1971) . Fatty livers seem to be a common occurrence in chicks and other animals fed deficient levels of protein (Velu et al., 1971; Keagy et al., 1987) . Therefore, like a protein deficiency, a Met deficiency causes an increase in liver size probably due to an increase in fat content, although that was not measured in this study.
Plasma T 3 in the Met-deficient chicks showed an inverted U relationship compared to the free-fed control (Table 4 ). It was not significantly different at 0.4% Met, increased significantly at 0.3% Met, but then decreased to control level again as Met declined further to 0.2%. This result agrees with our earlier results that showed elevated plasma T 3 with a single Met deficiency at 0.25% of the diet (50 % of the NRC 1994 recommendation) and further shows that when the deficiency is even more severe, plasma T 3 will return to the level in the free-fed control chicks. Of greater importance, however, are the plasma T 3 comparisons between deficient chicks and their matched, pair-fed controls. We found no significant difference at the 0.4 % Met level, but with 0.3 and 0.2% Met, plasma T 3 levels were significantly higher than in their pair-fed controls. This comparison is proper as it takes into account any effects of reduced feed intake on plasma T 3 values.
It has been shown in several species including chickens (Alster and Carew, 1984; Keagy et al., 1987) and rats (Glass et al., 1978; Tyzbir et al., 1981 ) that plasma T 3 will decrease in response to restricted feed intake or fasting. We observed this decrease in the present study with the most severe Met deficiency. Thus when properly compared with control chicks fed the same reduced amount of feed, plasma T 3 is always higher in deficient chicks (i.e., it does not decrease as much as expected on the basis of reduced feed intake alone). We interpret this finding to mean that the Met deficiency increases the production or release of T 3 into the blood or inhibits its normal removal compared with control chicks consuming the same amount of feed. This may operate through inhibited synthesis of a key protein involved in the metabolism or turnover of T 3 due to lack of sufficient Met for polypeptide synthesis. From studies reported with protein deficiencies in chicks or rats, it has been suggested that elevated T 3 may be a consequence of increased secretion rate and activity of the thyroid gland (March et al., 1964; Tulp et al., 1979) , slower clearance of T 3 from the blood (Hutchins and Newcomber, 1966) , or alterations in plasma-binding capacity of the blood and changes in receptor binding or affinity (Refetoff et al., 1970; Smallridge et al., 1982; Rouaze-Romet et al., 1992) , among others. Enhanced conversion of T 4 to T 3 due to increased hepatic or renal 5′-deiodinase activ-ity does not seem to occur with a protein deficiency in rats (Smallridge et al., 1982) or chicks (Weyland, 1993) . However, in the absence of direct data with Met and in view of many other roles of Met in animals (Finkelstein et al., 1982; Hawrylewicz and Huang, 1992) , other mechanisms of an unknown nature may be involved. Nevertheless, based on the T 3 data, it is certain that Met deficiency alters normal thyroid hormone metabolism.
Plasma T 4 was minimally affected by the Met deficiency (Table 4) . Compared with free-fed control chicks, T 4 was significantly lower in those fed the most deficient level of 0.2% Met, but there was no significant difference between these chicks and their pair-fed controls. Thus, the possibility exists that the lower T 4 in chicks fed 0.2% dietary Met is simply a consequence of a reduction in feed intake. This finding agrees with our earlier results when a single deficient level of 0.25% was fed (Carew et al., 1997) .
Plasma IGF-I levels were not significantly altered by Met deficiency or reduced feed intake ( Table 4) . The lack of effect of lower feed intake on plasma IGF levels in the pair-fed chicks on restricted levels of the control diet is contrary to observations by others who reported a decrease in blood IGF-I during fasting (Kim et al., 1991; Kita et al., 1996; Beccavin et al., 2001 ). However, fasting conditions are very different from the situation in this study (fed state), which may indicate that some minimal level of feed intake is sufficient to maintain near normal circulating IGF-I levels. It is also possible that small differences in the balance of EAA between commercial-type diets used by others and our 50:50 mix of commercial-type and purified diets played a role.
Although the balance of EAA in both types of diets is adequate for full-fed chicks, little is known about the balance of EAA needed for optimal performance under conditions of restricted feeding. No studies of plasma IGF have been reported in Met-deficient chicks before the present study. Although there were no significant differences in IGF-I values between chicks fed the control diet and Met-deficient chicks, numerically IGF-I values for the deficient chicks were lower. Because Met deficiency in rats causes a reduction in plasma IGF-I values (Takenaka et al., 2000) , our results, although not significant, suggest that further study of this relationship should be done.
Plasma IGF-II values of control chicks pair-fed with the 0.2% Met-deficient chicks were significantly higher than the free-fed controls (Table 4) . None of the other IGF-II values was significantly different from the freefed control. The only other significant difference was between the 0.2% Met group and its pair-fed control, with the Met-deficient values being lower. IGF-II has been reported to decrease (Beccavin et al., 2001) or increase during feed withdrawal. Our observation agrees with the latter. That IGF-II levels in deficient chicks fed 0.2% Met did not rise along with the matched, pair-fed controls, even though they consumed the same reduced level of feed, suggests the Met deficiency interfered with the metabolism of IGF-II in the blood. The mechanism of this effect, whether this reflects increased production of IGF-II or decreased removal, is unknown. As far as we know, this study was the first on the relationship between a Met deficiency and blood IGF-II levels, and the differences shown suggest that further studies are in order.
The question arises as to interactions between circulating levels of thyroid hormones and IGF-I, which have been previously studied in chickens. It is well established that elevated plasma T 3 reduces plasma growth hormone levels in chickens, (see reviews by Scanes, 1987; Harvey et al., 1991) . Nevertheless, research also shows that thyroidal inhibition of growth hormone is not related to changes in IGF-I (Lauterio and Scanes, 1988) , and treatment of chicks with T 3 or T 4 has no effect on levels of plasma IGF-I (Lazarus and Scanes, 1988) . In the present study, changes in circulating levels of T 3 or T 4 did not alter plasma IGF-I levels. With the highest or lowest T 3 levels (3.59 ng/mL in the 0.3% Met treatment or 2.40 ng/mL in the controls pair-fed to the 0.2% Met treatment, Table 4 ), IGF-I levels were unchanged. With regards to T 4 , although the lowest plasma level was associated with the lowest IGF-I concentration (3.58 and 25.0 ng/mL, respectively, in the 0.2% Met treatment), no other interaction was apparent. Thus there is no evidence in this study of a relationship between changes in plasma T 3 or T 4 levels and circulating levels of IGF-I.
Interactions between blood levels of thyroid hormones and IGF-II in chickens have not been reported. The relevance of IGF-II compared with IGF-I is open to question, as no unique IGF-II receptor has been found in birds (McMurtry et al., 1997) . Nevertheless, the lowest plasma T 3 value found in chicks fed the most severely restricted amount of the control diet (matched to the 0.2% Met treatment) was associated with the significantly highest IGF-II value in the same treatment (Table  4) . Severe feed restriction in chicks has been reported to depress plasma T 3 values (Alster and Carew, 1984; Keagy et al., 1987) as well as increase plasma IGF-II values . A direct comparison of the two in a single study has not been reported. Therefore, our results, showing this inverse relationship when measured in the same chicks, suggest interactive effects between the 2 hormones and deserves further study.
